, indicating that children's deciduous dentition may be particularly susceptible to environmental toxicants.
An estimated 2.3% of Americans have elevated urine cadmium concentrations, a biomarker of cumulative cadmium exposure (Paschal et al. 2000) . ETS, a known risk factor for dental caries in children, accounts for approximately 20% of urine cadmium levels in U.S. children (Mannino et al. 2002) . Other sources of cadmium include emissions from mining, smelting, fuel combustion, phosphate fertilizer use, sewage sludge application, disposal of metal wastes, and industrial uses of cadmium in manufacturing of batteries, pigments, stabilizers, and alloys [Agency for Toxic Substances and Disease Registry (ATSDR) 1999] . Cadmium is present in trace amounts in certain foods such as leafy vegetables, potatoes, grains and seeds, liver and kidney, and crustaceans and mollusks (Satarug et al. 2003) . Once in the body, cadmium accumulates in the kidney, liver, and bone and is excreted very slowly (ATSDR 1999) .
Exposure to cadmium is associated with numerous systemic health effects including renal dysfunction, skeletal disorders, and cardiovascular disease (Jarup 2003) . Furthermore, the International Agency for Research on Cancer (IARC) has classified cadmium as a Group I human carcinogen (IARC 1993) . The evidence of an association between cadmium and dental caries arises from animal experiments. Shearer et al. (1980a) showed that exposure to cadmium in rats during the neonatal period resulted in the development of severe dental caries, and this caries-promoting effect of cadmium was not negated by the addition of fluoride to drinking water. Administration of cadmium also disrupted salivary gland function in rats (Abdollahi et al. 2000; Chiarenza et al. 1989) .
We examined the association of environmental cadmium exposure with pediatric dental caries using data from the Third National Health and Nutrition Examination Survey (NHANES III), a nationally representative survey conducted from 1988 to 1994 in the United States. We placed particular emphasis on differentiating the association of cadmium exposure and dental caries from the effects of ETS, which may confound the relationship between cadmium and dental caries.
Methods
Study subjects. The NHANES III included personal household interviews and health examinations of approximately 30,000 civilian noninstitutionalized persons ≥ 2 months of age [National Center for Health Statistics (NCHS) 2006]. Data were collected on a large number of variables including demographics, education, income, diet, presence of smokers in household, and utilization of dental services. The physical examination included recording of dental caries and fillings in deciduous and permanent teeth, and collection of blood and urine samples for laboratory analyses. Participants gave written informed consent before joining the survey, and parents provided consent on behalf of children. For the present study, we included children 6-12 years of age who had undergone a dental examination and had laboratory measurements of cadmium and cotinine (a biomarker of exposure to tobacco smoke). In the NHANES III, urine cadmium was measured only for children ≥ 6 years of age, and we excluded children > 12 years of age because deciduous teeth have generally shed beyond this age (Berkovitz 1992) . Of the children in this age range, 3,006 children had urine cadmium and serum cotinine measurements. We excluded 26 children with missing urine creatinine measurements and another 24 children with high serum cotinine levels. Of these children, 2,315 and 2,886 had dental caries and fillings recorded in deciduous and permanent teeth respectively.
Urine cadmium and creatinine measurements. Details of the urine collection and cadmium analysis have been reported previously (Paschal et al. 2000) . Briefly, during the physical examination a 10-mL spot sample of urine was collected from survey participants. Cadmium was quantified by Zeeman effect graphite furnace atomic absorption spectrophotometry, using the Centers for Disease Control and Prevention's modification of the method of Pruszkowska et al. (1983) . The detection limit was approximately 0.01 ng/mL (NCHS 2006) . Each specimen was analyzed in duplicate, and mean measurements were reported. All specimens with cadmium concentrations < 5 µg/L were reanalyzed for confirmation (Paschal et al. 2000) . We calculated creatinine-corrected urine cadmium values as 100 times the ratio of urine cadmium to urine creatinine (Paschal et al. 2000) .
Dental examination. Details of the dental component of the NHANES III have been reported previously (Drury et al. 1996; Selwitz et al. 1996) . Briefly, trained and calibrated dentists performed a visual-tactile examination of the oral cavity. Teeth were dried before the dental caries assessment. Quality control was maintained by various procedures including training and calibration of staff, the use of a standard examiner, and ongoing monitoring of interexaminer reliability and consistency with the standard examiner (Drury et al. 1996) .
In evaluating the deciduous dentition, we used the sum of decayed and filled deciduous tooth surfaces (dfs). For children with at least one permanent tooth, we also included the sum of their decayed, filled, and missing permanent tooth surfaces (DMFS) to evaluate caries in permanent teeth. We undertook separate analyses for caries scores in deciduous and permanent teeth.
Assessment of exposure to ETS. Because ETS is a major source of inhaled cadmium in children (Mannino et al. 2002) and is also associated with caries risk (Aligne et al. 2003) , it is an important potential confounder of any observed association between cadmium exposure and caries experience. The NHANES III assessed children's exposure to ETS in several ways, and we incorporated two of these assessments into our study. The NHANES III measured serum cotinine, a biomarker of ETS exposure, using isotope dilution liquid chromatography with tandem mass spectrometry (Gunter et al. 1996) , with a limit of detection of 0.05 ng/mL (NCHS 2006) . We also used a variable that recorded the number of persons who smoked cigarettes at the child's home. We considered children with no cigarette smokers at home and with serum cotinine levels < 0.2 ng/mL as being exposed to low levels of ETS. This serum cotinine cutoff level has been used in previous investigations of the relation of ETS to pediatric dental caries in the NHANES III (Aligne et al. 2003) . We excluded 24 participants with serum cotinine levels > 10 ng/mL, who may have been early active smokers.
Statistical analysis. We examined summary statistics and scatterplots for urine cadmium, serum cotinine, dfs, and DMFS scores to identify outliers. We also studied the distribution of creatinine-corrected urine cadmium concentrations and dfs and DMFS scores within key subject characteristics. Subsequently, we used multivariable-adjusted logistic regression to estimate the prevalence odds ratio (OR) of having some caries experience per microgram per gram creatinine-corrected urine cadmium concentration. Again, we examined caries experience in deciduous teeth (dfs ≥ 1) and in permanent teeth (DMFS ≥ 1) separately. The principal models incorporated variables previously associated with dental caries including age (years), sex, education of head of household (< high school, high school, or > high school), household income (≥ 100% of federal poverty line vs. < 100% of federal poverty line), number of smokers in household (none vs. ≥ 1), ethnicity (non-Hispanic white, nonHispanic black, Mexican American, and other), blood lead level (micrograms per deciliter), serum cotinine (nanograms per milliliter), and sucrose intake (grams per day). We considered the influence of vegetable intake in our analyses because certain vegetables may contain cadmium (Satarug et al. 2003) , and vegetable intake has been associated with a reduced risk of caries in some children (Dye et al. 2004 ). We also tested the impact of including time since last visit to dentist, region of residence, and residence in metropolitan area. These variables were not significant predictors of dental caries and did not change the estimated association between urine cadmium and dental caries scores, and therefore we excluded these variables from the final model. Furthermore, we considered the possibility that consumption of fluoridated water might be associated with cadmium exposure and thereby could account for some or all of the association we observed. To address this possibility in the absence of water fluoridation data, we conducted a sensitivity analysis, based on the work of Bross (1966) and Walker (1991) A limitation of using logistic regression to evaluate the relationship of cadmium to caries experience is that it does not consider the range of caries experience beyond "any" carious, filled, or missing surfaces. Zero-inflated Poisson (ZIP) and zero-inflated negative binomial (ZINB) regression are variants of Poisson regression that offer the advantage of modeling dental caries scores on a continuum instead of the dichotomized outcome used in logistic regression, and thereby they assess the association of exposure variables with disease severity, not just the presence or absence of disease (Lambert 1992; Slymen et al. 2006) . ZIP and ZINB regression are preferable to Poisson regression in modeling dental caries data because of the large proportion of participants with a zero dfs/DMFS score. The ZIP and ZINB regression models estimate both the relative odds of being caries free (dfs = 0, DMFS = 0) and the relative caries index among those who are not caries free. Böhning et al. (1999) and Lewsey and Thomson (2004) provide a detailed discussion of the utility of ZIP and ZINB regression in modeling dental caries data. In our analyses, we found that the ZINB regression model fit the data better than the ZIP regression model (data not shown), and therefore we only report the results of the ZINB regression analysis. In both logistic and ZINB regression analyses, we modeled creatinine-corrected urine cadmium as a continuous term, and then used the resulting regression parameter to compute the association estimates of an interquartile range (IQR) increase in creatinine-corrected urine cadmium (0.21 µg/g creatinine).
We also considered that differences between participants in the number of primary and permanent teeth present in their oral cavity may influence the observed association between cadmium and dental caries, particularly in the ZINB regression analysis. We therefore undertook additional analyses to account for any such effect. For deciduous teeth, we restricted our sample to children having at least two of possible eight molars and used caries scores from molars only in the regression models. In addition, we also included in the ZINB model an "offset" term for the log of the number of deciduous surfaces at risk for caries for each child. For both these approaches, we compared changes in association between cadmium and caries scores from the original analysis, which included all deciduous teeth. We also undertook similar analyses for permanent teeth where we restricted our sample to children with first permanent molars.
Finally, we were concerned that our findings could be residually confounded by exposure to ETS that was not accounted for by serum cotinine or reports of smokers in the home. Therefore, we conducted parallel analyses restricted to children who had very low exposure to ETS (serum cotinine levels < 0.2 ng/mL and no reported cigarette smokers at home).
For data analyses, we used SAS version 9.1 (SAS Institute Inc., Cary, NC, USA) and Intercooled STATA 10.0 (StataCorp., College Station, TX, USA), and all analyses accounted for the complex multistage sampling design of the NHANES III.
Results
In our study sample, the unadjusted urine cadmium levels ranged from 0.01 to 3.38 ng/mL with a median of 0.13 ng/mL. Approximately 56% of the children had experienced caries in their deciduous teeth (dfs ≥ 1), and almost 30% had been affected by caries in their permanent dentition (DMFS ≥ 1). The geometric mean creatinine-corrected urine cadmium concentrations within key subject characteristics are given in Table 1 . We observed higher cadmium concentrations in children belonging to families where the head of the household had not attained education beyond high school, income was below the federal poverty line, and there was more than one cigarette smoker at home. Non-Hispanic black and Mexican-American children also had higher cadmium concentrations than non-Hispanic white children. We also observed positive associations of urine cadmium with blood lead and serum cotinine.
Data have been previously published, from the NHANES III, describing the distribution of childhood dental caries between different sociodemographic strata (Vargas et al. 1998 ) and other variables pertaining to our study, including exposure to ETS, sucrose intake, and blood lead levels (Moss et al. 1999) . We observed that in the deciduous dentition, a history of caries was more common among children from families where the household head had lower education levels and among children from households with income below the federal poverty line. Similarly, a history of caries was more prevalent among Mexican-American children and children of "other" ethnic groups than among non-Hispanic white children. Higher serum cotinine and blood lead levels were also associated with having experienced some caries in deciduous teeth. These differences were statistically significant (p < 0.05). We observed similar differences in caries experience in the permanent dentition in relation to education of household head, ethnicity, and age of the child. Furthermore, females were more likely to have experienced caries in their permanent dentition than males. Children whose creatinine-corrected urine cadmium concentrations were above the median were more likely to have experienced caries. These differences were not significant for permanent teeth and were only marginally statistically significant for deciduous teeth (p < 0.08).
After adjusting for numerous potential confounding factors, we observed that creatininecorrected urine cadmium levels were associated with greater prevalence of caries history and greater severity of caries experience in deciduous teeth. The results of our logistic regression analysis (Table 2) (Table 2) indicated that urine cadmium levels were not only associated with decreased odds of remaining caries free (a confirmation of the logistic regression results in multiplicative inverse) but also with a greater number of carious or filled surfaces. Similar to the logistic regression results, this association was statistically significant in children classified as having low exposure to ETS. In children exposed to low ETS, an IQR increase in creatininecorrected urine cadmium concentrations corresponded to a 27% reduction in the odds of being caries free (OR = 0.73; 95% CI, 0.54-0.98) and a 17% increase in the number of deciduous carious or filled surfaces (relative count = 1.17; 95% CI, 1.02-1.33). Furthermore, analyses restricted to molars and those including an "offset" term resulted in only minor changes (< 10%) to the parameter estimates for the cadmium variable. Similar to analyses including all teeth, the association between cadmium and dental caries in deciduous teeth was statistically significant only in children with low ETS exposure. We conducted similar logistic and ZINB regression analyses to measure the association of cadmium exposure with caries experience in permanent teeth and observed no remarkable association (data not shown).
Finally, we also evaluated potential confounding by consumption of fluoridated water, using a sensitivity analysis, and found that only under extreme and sometimes implausible conditions could our findings be substantially confounded by this variable [see Supplemental Material for details (online at http://www.ehponline.org/members/2008/ 10947/suppl.pdf)].
Discussion
Using data from the nationally representative NHANES III, we observed a positive, although statistically nonsignificant, association between environmental cadmium exposure and caries experience in deciduous teeth of U.S. children 6-12 years of age. When we restricted this analysis to children with low ETS exposure and adjusted for multiple potential confounders, the association between creatinine-corrected urine cadmium and caries experience was statistically significant. Using logistic regression analyses, we observed that cadmium exposure was associated with increased odds of having experienced any caries. The results from our ZINB regression analysis, in addition to confirming the results of the logistic regression, also showed that cadmium exposure was associated with increased severity of caries experience. These results remained essentially unchanged when we restricted our analysis to deciduous molars and adjusted for the number of tooth surfaces at risk of caries.
To the best of our knowledge, this is among the first epidemiologic studies reporting an association between cadmium exposure and caries in the deciduous teeth of children. Our findings are consistent with previously reported data in humans and a number of animal experiments. Curzon and Crocker (1978) reported a positive correlation between cadmium levels in enamel of human premolar teeth and caries scores in permanent teeth. Kobylanska et al. (1969) observed that industrial workers exposed to cadmium fumes developed a yellowish discoloration of teeth and had high levels of caries. In animal experiments, administration of cadmium to young rats for 150 days resulted in the development of higher levels of caries compared with controls (Ginn and Volker 1944) . In shorterduration experiments, Leicester (1946) reported increased rates of caries progression in rats that were given cadmium in drinking water. Later studies by Shearer et al. (1980a Shearer et al. ( , 1980b showed that cadmium exposure in rats during the period of tooth development caused severe caries and also partially negated the cariostatic influence of fluoride. Cadmium administration after tooth development did not increase caries (Shearer et al. 1980b ). In our study, environmental cadmium exposure was associated with caries scores in deciduous teeth but not in the permanent teeth. Furthermore, some epidemiologic investigations of environmental lead exposure have also observed significant associations with caries only in deciduous teeth (Gemmel et al. 2002; Youravong et al. 2006) , suggesting that deciduous teeth may be more susceptible than permanent teeth to environmental toxicants. However, we cannot rule out that early-life cadmium exposure also affects permanent dentition, and long-term prospective studies with repeated cadmium exposure measurements are needed to address this concern.
The caries-promoting effect of cadmium may be linked to disruption of salivary gland function. Subcutaneous administration of cadmium to rats produced histologic signs of tubular and acinar damage in salivary glands. Furthermore, cadmium exposure depressed salivary secretions and reduced the concentration of the major salivary digestive enzyme, amylase, in parotid gland saliva (Chiarenza et al. 1989) . It has been suggested that these effects of cadmium may be attributable to the inhibition of acetylcholine release and the disruption of parasympathetic impulses, which play a major role in regulating salivary secretions (Cooper and Manalis 1983) . Competitive inhibition of calcium channels by cadmium (Abdollahi et al. 2000; Blazka and Shaikh 1991) and induction of oxidative stress in salivary glands (Abdollahi et al. 2003) have also been reported.
We found that the association between cadmium and dental caries was statistically significant in children with low ETS exposure, as defined by serum cotinine concentrations < 0.2 ng/mL and absence of cigarette smokers at the child's home. ETS contains several risk factors for dental caries, including 250 chemicals known to be toxic or carcinogenic (National Toxicology Program 2005) , and has been associated with an increased risk of dental caries in children surveyed in the NHANES III (Aligne et al. 2003) and in other populations . It is therefore possible that competing risk factors for dental caries due to ETS exposure obscure the association of cadmium and dental caries in children exposed to ETS. This complication is compounded by the limited sensitivity of the dfs score as a measure of disease severity (Kingman and Selwitz 1997) . For example, the dfs score does not distinguish between carious lesions of different size.
Other findings of our study, including the positive associations of dental caries scores with blood lead and serum cotinine, confirm the results of earlier investigations using data from NHANES III and also studies conducted in other populations (Aligne et al. 2003; Gemmel et al. 2002; Moss et al. 1999; Youravong et al. 2006) . The variations in dental caries scores across different strata of income, ethnicity, and education that we observed have been reported previously (Vargas et al. 1998 ). Our study is strengthened by the use of well-established biomarkers of cadmium and ETS exposure, as well as detailed measures of caries experience and a number of important covariates. Although the cross-sectional nature of our study does not establish the temporal order of cadmium exposure and caries development, it seems unlikely that reverse causation is at play such that caries experience influences the metabolism of cadmium. The proportion of cadmium in teeth, relative to cadmium in other tissues such as kidney, liver, or bone, is small. Any release of cadmium from caries-affected teeth would not be expected to significantly increase urinary cadmium concentrations. Moreover, urine cadmium concentrations reflect exposures over the past decade or longer (Lauwerys et al. 1994) , making it possible that the observed cadmium exposures preceded some or all of the caries experience for these children.
Although we have adjusted our analyses for numerous potential confounders, it is possible that our results remain confounded either by mismeasured or unmeasured covariates. Because consumption of fluoridated water is believed to protect against caries, and because its relation to cadmium exposures is not known, we were concerned that this factor may have partially or wholly confounded our results. Based on results from our sensitivity analyses [see Supplemental Material for details (online at http://www.ehponline.org/members/ 2008/10947/suppl.pdf)], it appears unlikely that differences in water fluoridation could explain the observed association between cadmium exposure and caries experience. Although the biological evidence supports the role of cadmium in disruption of salivary gland function, the NHANES III does not include any direct measures of salivary gland function, which limits further investigation, using NHANES III data, into the mechanisms behind the observed association between cadmium and dental caries. Furthermore, the NHANES III collects urine cadmium measurements only from children ≥ 6 years of age, not allowing investigation of younger children.
Overall, our study provides evidence that cadmium may be associated with an increased risk of dental caries in deciduous teeth of children. Because of numerous sources of exposure and widespread distribution of this toxicant, it is increasingly important to understand the systemic and oral health effects of cadmium, particularly in highly susceptible populations such as children. Prospective epidemiologic studies are needed to confirm these findings and to understand the mechanisms behind the observed association between cadmium and dental caries.
